In the past few years, the importance of translational control by elements located in the 3′ untranslated region (3′ UTR) of mRNAs in controlling development has become strikingly apparent. 3′ UTR controls play an important part in determining when and where specific proteins are made, and are heavily used during early embryonic and germ line development in a large number of organisms (for review see [1] ). Many of the regulatory factors that act via elements in the 3′ UTR are conserved across species. How such proteins bind RNA and regulate translation, however, is poorly understood.
The Puf family of RNA binding proteins was named after its two founding members, Drosophila Pumilio and Caenorhabditis elegans fem-3 mRNA-binding factor. There are over sixty members of the Puf family, which regulate translation and mRNA stability in a wide variety of eukaryotes. Family members typically contain eight repeats, each about 36 amino acids in length, known as the Puf or PUM repeat, and usually contain evolutionarily conserved sequences that are amino and carboxy terminal to the repeats [1] . The eight repeats together with the terminal conserved sequences make up the Puf domain or Pumilio homology domain. Although the Puf domain is only one part of the protein, it is critical for function and is sufficient for RNA binding [2, 3] .
The first Puf protein identified was Drosophila Pumilio. Pumilio controls abdominal development by inhibiting the translation of hunchback (hb) mRNA in the posterior half of the early embryo (for review see [1] ). This repression results in an anterior-posterior gradient of Hunchback protein, a transcription factor that controls segmental patterning in the embryo. However, Pumilio does not act alone but inhibits hb translation in concert with a second protein called Nanos. Two 32 base pair sequences called the Nanos Response Elements in the hb mRNA 3′ UTR are required for repression of hb by Pumilio and Nanos. Pumilio is evenly distributed throughout the embryo, whereas Nanos is present in a gradient with the highest levels at the posterior. Pumilio binds the Nanos response elements and recruits Nanos by a combination of protein-protein and protein-RNA interactions, forming a ternary complex that is required for hb repression [3] . Thus, Pumilio provides the specificity for the recognition of the hb mRNA and Nanos provides the positional information required for posterior repression of hb translation and establishment of the Hb protein gradient.
Are Pumilio and Nanos the only factors required for repression of hb mRNA and posterior development? A recent paper by Sonoda and Wharton [4] suggests the answer is no. Most of us know of the yeast two and three hybrid assays; however, in this paper the authors go to the next dimension. Using a four hybrid interaction assay they find that another factor, called Brain tumor or Brat, interacts with the Pumilio-Nanos-hb mRNA ternary complex. The recruitment of Brat to this complex requires both Pumilio and Nanos, and molecular analysis shows that formation of the quaternary complex is essential for hb regulation. Brat is a member of the NHL family of proteins, named after the three founding members: NCL-1 and LIN-41 in C. elegans, and HT2A in mammals. Several members of this family control RNA metabolism and have been shown to regulate differentiation and growth in a number of organisms [5] [6] [7] .
Pumilio and Nanos also have roles in germ line development, that may not require Brat activity. Pumilio and Nanos are required for the proper development of primordial germ cells; in their absence the primordial germ cells fail to migrate into the somatic gonad and do not become functional germ cells [8, 9] . Moreover, germ cells with insufficient Pumilio or Nanos activity have defects in transcriptional silencing and fail to arrest in mitosis, apparently from precocious expression of Cyclin B. Although Pumilio and Nanos form a tertiary complex with the Cyclin B mRNA, they do not recruit Brat suggesting that Brat is not involved in this regulation [4] . These findings imply either that Pumilio and Nanos are sufficient in the germ line or that there is a germ line specific corepressor that acts in conjunction with the Pumilio-Nanos complex. Significantly, the fact that Brat is not recruited to the Cyclin B mRNA indicates the importance of specific RNA sequences in directing complex formation. Pumilio and Nanos are also expressed by the zygote in the germ line of adult flies, where they maintain the viability of germ line stem cells [9, 10] . The roles of Pumilio and Nanos in the germ line are thought to have arisen quite early in evolution as in C. elegans, homologues of these proteins have remarkably similar roles in germ line development [11] .
In flies the Pumilio-Nanos interaction requires RNA; however, work in C. elegans suggests this may not always be the case. Worms contain at least ten Pumilio homologues and three Nanos homologues [1] . In the worm, hermaphrodite development requires that the germ line first makes sperm and then switches and produces oocytes. This sperm-oocyte switch requires the translational repression of fem-3 mRNA by an element in its 3′ UTR called the PME [1] . Two Puf proteins, FBF-1 and FBF-2, and a Nanos homologue, NOS-3, are thought to regulate the sperm-oocyte switch by binding the PME and inhibiting fem-3 mRNA activity [12, 13] . In contrast to Drosophila, FBF and NOS-3 bind one another independently of the PME [13] , suggesting that the requirement for RNA is not always the rule for Puf-Nanos complex formation. However, this is not to say that once a Puf-Nanos-RNA complex is formed the RNA does not play a part in influencing further interaction of the complex with other cofactors. The C. elegans FBF proteins have additional germ line functions and loss of their activities causes defects in germ line proliferation and sperm function [12] , suggesting that like Pumilio, FBF proteins control multiple mRNAs.
Additional evidence supports the idea that Puf proteins interact with a number of different factors and RNAs to control distinct developmental events. Just as Brat is not required for common functions of Pumilio and Nanos, Nanos may not be required for all of Pumilio's functions. Luitjens et al. [14] and Nakahata et al. [15] find respectively that worm FBF proteins and Xenopus Pumilio, interact with the cytoplasmic polyadenylation element binding protein, CPEB. The interactions of FBF and Xenopus Pumilio with CPEB are independent of Nanos-like proteins, raising the possibility that Nanos-like proteins are not required for regulation. CPEB binds to cytoplasmic polyadenylation elements in the 3′ UTRs of certain maternal mRNAs and controls their translational activity [16] . In C. elegans the CPEB homologue, CPB-1, is necessary for progression of spermatocytes through meiosis, a phenotype distinct from that associated with NOS-3 function [14] . It is proposed that the interaction of FBF and CPB-1 is important for a late step in spermatogenesis. The interaction of FBF with both CPB-1 and NOS-3 for apparently distinct functions underscores the idea that Puf proteins can interact with multiple cofactors to create different RNA regulatory complexes with unique developmental roles.
Two recent papers by Edwards et al. [17] and Wang et al. [18] report crystal structures of the Puf domain, giving exciting new insight into possible mechanisms by which this crucial domain interacts not only with RNA but cofactors as well. Edwards et al. [17] solved the crystal structure of the Drosophila Pumilio Puf domain to 2.3 Å resolution, while Wang et al. [18] solved the crystal structure of the human Pumilio1 Puf domain to 1.9 Å resolution. Both the fly and human Puf domains are extended structures that pack together forming a right-handed super-helix that is curved like a crescent moon (Figure 1 ). Both papers [17, 18] show that a Puf repeat is a tri-helical bundle made of two long α-helices, H1 and H3, and one short helix, H2 (Figure 1 ). The helices of each Puf repeat align with equivalent helices of neighboring Puf repeats to give three parallel layers that run the length of the arc of the Puf domain. The H1 layer covers the outer face, the H2 layer makes up the ridge, and the H3 layer covers the inner face (Figure 1 ). The Puf repeats have an unexpected resemblance to the armadillo repeats in β-catenin, the HEAT repeats in protein phosphatase 2A, and the repeated unit of the leucine-rich varient protein of Azobacter vinelandii.
The distribution of side chains suggests that the inner face of Puf domains binds RNA while the outer face interacts with factors such as Nanos, Brat, and CPEB. In the case of Drosophila Pumilio this idea is supported by genetic analysis in which point mutations in a long flexible loop located on the outer face of repeat 8 disrupts Nanos binding [17] ( Figure 2 ). Mutational analysis indicates that Pumilio Puf domain interacts with Brat via the outer face of repeats 7 and 8, and the conserved carboxyl region. The Brat site is immediately adjacent to the Nanos binding site raising the possibility of cooperative interactions between the two It is unclear how Puf proteins control mRNA activity and development. They have been implicated in regulating deadenylation, translation, and mRNA stability. It is possible these diverse functions result from the interaction of Puf proteins with different cofactors and RNAs. Insight from the structural and genetic analyses suggest that a combinatorial mechanism involving RNA-protein and protein-protein interactions may be important for building different Puf containing complexes that regulate different developmental events. These observations raise many intriguing questions: how many different complexes and functions can any one Puf protein be involved in? What are the identities of the other putative co-factors and mRNAs? Is the ability to interact with multiple factors unique to this family or a more general rule for 3′ UTR control proteins? The analysis of Puf proteins has illuminated new concepts that are likely to have broad implications for the control of RNA.
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Figure 2
A hypothetical model of the Pum-NRE-Brat repression complex. An element in the 3′ UTR of hb mRNA -the Nanos response element, NRE -is postulated to bind the inner concave surface of Pum, while the cofactors Nos and Brat are hypothesized to bind the outer convex surface. The close proximity of Nos and Brat sites raises the possibility of cooperative interactions between the two cofactors. Taken from [17] .
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